I. INTRODUCTION
A third-generation synchrotron-light source storage ring requires accurate orbit correction because its lattice is very sensitive to magnet imperfections and misalignments. If model-based control is used, calibration of this model is required in advance. Therefore, it is preferable to prepare some kind of model-free orbit control scheme that is complementary to model-based control. A sensitivity matrix (Smatrix) works effectively as the kernel of a model-free orbit control system for a given optics of a lattice. This paper describes recent efforts in this respect at Advanced Light Source (ALS) [l] . If there is good symmetry with ci+l.O the Smatrix can be taken as valid. In this case, all the BPMs and steering magnets are working properly during the measurement and the calibration factors are due to device-calibration errors and beta-function beat at the device locations. The beta-beat can be measured by other methods [4] and it is possible to extract the device-calibration errors. In the case of the ALS storage ring, it turned out that the calibration errors of BPMs and steering magnets are negligibly small and all the calibration factors are essentially caused by the beta-beat.
SMATRIX-BASED ORBIT CONTROL 11. SMATRIX

A. Definition
An Smatrix, S = (Si,), represents the effect of each steering magnet on each beam position monitor (BPM) around the ring as 6Z, = S,6K,, where 6Z, is a change in the position at the i-th BPM and SK, is the deflection given by the j-th steering magnet.
B. Calculation and Measurement
A direct way of calculating a theoretical Smatrix is to use a program that can calculate either a closed orbit or linear optics. Measuring is also a straightforward method. An automated Smatrix measurement, in the ALS Storage Ring, takes about 40 minutes horizontally and 30 minutes vertically, and a quicker version is presently being tested so we can measure the matrices in both planes in 10 minutes.
C. Analysis
An Smatrix contains information, at BPM and Steering Magnet locations, of the linear optics contributions under which it was measured or calculated. Therefore, it is possible to reconstruct the lattice optics from it. This is usually a timeconsuming and complex calculation. During the ALS commissioning period, our first effort was made in collaboration with BESSY[2]. A more complete analysis has been going on in collaboration with SSRL at SLAC [3] .
In this paper, we will only discuss a simple analysis to check the validity of a measured Smatrix, by checking the symmetry of the ring it reflects. Let N and M be the number of BPMs and steering magnets per sector, respectively. Then symmetry requires the relation S;+p*N,j+p*M=Sij where p is an integer. Assume there are errors in the calibration-factor set The measured Smatrices at the ALS storage ring indicate that there is a beta-beat in the order of a few percent around the ring that is relevant for a model-based orbit control. Therefore, we have been working on an Smatrix-based orbit control.
With a fixed lattice configuration, it is possible to use Smatrices to set up parameters for several kinds of orbit correction schemes, including those that use local bumps or the singular value decomposition (SVD) method [5] . Figure 1 shows the components of our Smatrix-based orbit control.
' J Smatrix steering magnet is a current-to-field factor that can be influenced by other magnets in its neighborhood, if the magnets are close together. This evaluation task is numerically simple, but it does not f i x the model qualitatively. For example, it is a separate task to determine the effective edge angles of a bending magnet.
TV. LOCAL ORBIT CORRECTION
An Smatrix contains the complete information to construct a local bump. Even if a model can calculate local bumps directly, it is a good idea to calculate an Smatrix first, then transfer it to the routine of building bumps. By creating an orbit correction algorithm, not by using a model directly, but using an Smatrix as shown in Figure 2 , we can simulate the algorithm very accurately. This is because the same Smatrix is used to calculate both the changes in steering magnet settings and the expected read-out values of the BPMs.
Figure 2. Measurement and simulation
This approach works very well with local orbit corrections using local bumps. Since the calibration factors are common to the measurement and the application of the Smatrix the local bumps derived from it are very precise.
At the ALS, we use local bumps to fine-tune the orbit at the light source-points, on top of the globally corrected orbit. There are a pair of horizontal and vertical local bumps for the bending beam line to control its angles, and two pairs for each undulator beam line to control its angles and positions. This activity is supported by the program IDbump [6] implemented on a PC running Windows.
For local bumps that are not too short, the accuracy has been enough for daily machine operation. However, short bumps with large orbit excursion require very accurately measured Smatrices.
Smatrices are also used to compensate for residual dipole kicks caused by insertion devices [7] . This is also a kind of local orbit correction.
V. GLOBAL ORBIT CORRECTION
We use two kinds of global orbit correction schemes: an overlapped local-bump (OLB) method and an SVD method. Both schemes were started on SUN workstations in the commissioning period [8] and we recently started using these schemes on PCs. In this paper, we focus on the recent developments in C++ on PCs running Windows NT 3.5.
We have carried out an on-line orbit correction and an off-line simulation for both schemes. Inputs are the measured initial orbit and the measured Smatrix. Outputs are the simulated orbit and the actual, measured orbit, as shown in Figure 2 .
A. OLB Method
The OLB method creates local bumps using 3 correctors around the ring in a magnet pattern 1-3-5, followed by the pattem 2-4-6 and so forth. This is to avoid short bumps that require strong kicks.
B. SVD Method
The SVD method is another popular method widely used for global orbit correction, and the subroutine package is readily available [9] . T h e selection of the number of eigenvalues requires caution. Using a large number of the eigenvalues can improve the orbit but the corrector strengths can be too strong for practical use.
C. Result
The simulations and the calculations were carried out using all 96 BPMs and all correctors: 94 horizontal and 70 vertical ones. The results of simulation and actual on-line orbit correction are summarized in Table 1 Table 1 . The maximum kick angle was limited to 1 .O mrad horizontally and 0.5 mrad vertically. OLB was carried out in only 3 iterations around the ring because it saturates in further iteration steps, maintaining the rms error and slowly lowering the maximum value. This is considered to be the effect of the lengthening of the closedorbit path. This lengthening effect is currently being investigated.
The agreement between the measured orbit and the simulation is extremely good, as shown in Figure 3 . The maximum error is less than 100 pm horizontally and 50 pm vertically. Average deviations are 30 pm and 20 pm in both planes respectively. Table 1 obtained with the SVD methods are the result of using 40 eigenvalues and 3 iterations. Figure 4 shows the difference between the measured orbit and the simulation. Average deviations are 30 pm and 120 pm in both planes respectively. In the vertical plane this difference is six times larger than the one obtained with the OLB method. The reason for this large difference comes from the fact that the SVD method makes use of the whole S-matrix to correct the orbit. But, the agreements between simulation and measured orbit in rms values and maximum displacements are good. 
VI. DISCUSSION
An Smatrix-based orbit control is model-free and works accurately for a fixed lattice configuration. The off-line simulation can be done very accurately. It is complementary to a model-based orbit control and crucial in the early phases of operation. The technique also serves to calibrate the model used for a model-based orbit control which is the required operation mode when lattice configurations change.
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